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Abstract: Antimicrobial resistance is a significant concern worldwide; meanwhile, the impact of 3rd
generation cephalosporin (3GC) antibiotics on the microbial communities of cattle and resistance
within these communities is largely unknown. The objectives of this study were to determine the
effects of two-dose ceftiofur crystalline-free acid (2-CCFA) treatment on the fecal microbiota and
on the quantities of second-and third-generation cephalosporin, fluoroquinolone, and macrolide
resistance genes in Holstein-Friesian dairy cows in the southwestern United States. Across three
dairy farms, 124 matched pairs of cows were enrolled in a longitudinal study. Following the product
label regimen, CCFA was administered on days 0 and 3 to cows diagnosed with postpartum metritis.
Healthy cows were pair-matched based on lactation number and calving date. Fecal samples were
collected on days 0, 6, and 16 and pooled in groups of 4 (n = 192) by farm, day, and treatment group
for community DNA extraction. The characterization of community DNA included real-time PCR
(qPCR) to quantify the following antibiotic resistance genes: blaCMY-2, blaCTX-M, mphA, qnrB19, and
the highly conserved 16S rRNA back-calculated to gene copies per gram of feces. Additionally,
16S rRNA amplicon sequencing and metagenomics analyses were used to determine differences
in bacterial community composition by treatment, day, and farm. Overall, blaCMY-2 gene copies
per gram of feces increased significantly (p ≤ 0.05) in the treated group compared to the untreated
group on day 6 and remained elevated on day 16. However, blaCTX-M, mphA, and qnrB19 gene
quantities did not differ significantly (p ≥ 0.05) between treatment groups, days, or farms, suggesting
a cephamycinase-specific enhancement in cows on these farms. Perhaps unexpectedly, 16S rRNA
amplicon metagenomic analyses showed that the fecal bacterial communities from treated animals on
day 6 had significantly greater (p≤ 0.05) alpha and beta diversity than the untreated group. Two-dose
ceftiofur treatment in dairy cows with metritis elevates cephamycinase gene quantities among all
fecal bacteria while paradoxically increasing microbial diversity.

Keywords: two-dose CCFA; 3rd generation cephalosporin; fluoroquinolone; macrolide; antibiotic
resistance genes; dairy cattle; metritis; fecal microbiota; metagenomics; ecological diversity
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1. Introduction

Antibiotics have improved human health outcomes since their discovery in 1928 [1];
however, antimicrobial resistance (AMR) has expanded, leading to worldwide public
health concerns [2]. In the United States, human AMR infections reach 2.8 million cases
annually, with more than 35,000 deaths, according to the Centers for Disease Control and
Prevention (CDC) [3], and it has been estimated that AMR infections will lead to 10 million
worldwide deaths annually by 2050 [4]. Since 2000, there has been an increase in resistant
infections such as those caused by extended-spectrum β-lactamase (ESBL)-producing En-
terobacteriaceae. Among ESBLs, CTX-M-type enzymes are the most diverse and commonly
recognized. [5,6].

Escherichia coli is one of six principal pathogens responsible for AMR-associated deaths
worldwide [7]. E. coli is a gram-negative coliform bacterium within the Enterobacteriaceae
family and represents an essential part of the normal gut microbiota of warm-blooded
organisms, such as birds and mammals [8,9]. E. coli, among the other members of the in-
testinal microbial community, plays an essential function in host-pathogen interaction and
may contribute to severe infections under opportunistic conditions [10]. E. coli can poten-
tially acquire resistance genes due to selection pressures, such as antibiotic administration,
predominantly through horizontal gene transfer between bacteria [9,11]. Subsequently,
E. coli replicates in the intestinal microbiota and may act as a reservoir for spreading
multidrug-resistant (MDR) genotypes and plasmid types [12]. In addition to ESBL, other
resistant genotypes of importance in E. coli include 2nd and 3rd generation cephalosporins
(3GC), such as cephamycinase (e.g., blaCMY-2), fluoroquinolone (e.g., qnrB), and macrolide
(e.g., mphA) [13–16].

β-lactams are the most commonly administered bactericidal antibiotics in the U.S.
(accounting for 65% of the antibiotic market) in human and veterinary medicine due to their
broad spectrum of activity against gram-negative and gram-positive bacteria [17]. One of
the mechanisms of action for β-lactams is to target peptidoglycan synthesis by adhering
to the penicillin-binding protein (PBP) enzyme to inhibit bacterial cell wall synthesis [18].
Therefore, β-lactams affect bacterial community dynamics and create dysbiosis in the gut
microbiota by killing off large numbers of susceptible bacteria [19].

Ceftiofur crystalline free acid (CCFA) is a 3GC within the β-lactam class of antibiotics,
approved for use in veterinary medicine, and is the preferred antibiotic to treat acute
metritis in dairy cows because the administration does not require milk withholding [20].
Metritis causes significant economic loss for the dairy industry in the United States due
to reduced milk production, reproduction, and herd survival; meanwhile, low-producing
animals are 30% more likely to be culled than their herd mates [21]. Previous studies have
demonstrated that the administration of CCFA in cattle elevates the levels of 3GC-resistant
enteric E. coli at the first eligible slaughter date (13 days after CCFA administration) [22].
Food products contaminated with resistant bacteria increase the risk of AMR bacteria
entering the food chain and subsequently being transmitted to humans [23].

The use of fluoroquinolones and macrolides is prohibited in dairy cattle over 20 months
of age [24,25]; however, studies have reported qnrB and mphA resistance genes in E. coli
isolates from the feces of adult dairy cattle [26]. We hypothesize that 3GC antibiotics may
co-select for macrolides and fluoroquinolone genes as they can be co-located on plasmids.
Notably, 3GC, along with fluoroquinolone and macrolide classes, are considered the high-
est priority/critically important antibiotic classes (HP-CIA) for human medicine by the
World Health Organization (WHO) [27,28]. Hence, the objectives of this study were to
determine the effects of two-dose ceftiofur crystalline-free acid on the fecal microbiota
and the quantities of third-generation cephalosporin (3GC), fluoroquinolone (FQ), and
macrolide (ML) resistance genes present in fecal samples from Holstein-Friesian dairy cows,
with and without a diagnosis of metritis, in the southwestern United States.
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2. Materials and Methods
2.1. Ethical Statement

All animal experiments and animal care conditions were approved by the Texas A&M
University Institutional Animal Care and Use Committee (Animal Use Protocol (AUP)
No. 2016-0183).

2.2. Study Design

The experimental design has been previously described in detail [22]. Briefly, we con-
ducted a pair-matched longitudinal study of 248 cattle across two seasons (spring/summer
and autumn/winter) from April 2017 to April 2018 at three large U.S. southwestern dairy
farms. We sampled two groups of Holstein-Friesian dairy cows on each farm; one group
was those cows diagnosed with metritis and therefore treated with 2-CCFA. Each treated
cow was matched by lactation number with a healthy cow (specifically, absent of metri-
tis and untreated) on the same farm (Figure 1a) and having calved at nearly the same
time/date. Healthy animals were not treated due to the U.S. FDA regulation (21 CFR Part
530), which has prohibited the off-label usage of ceftiofur in food-producing animals since
April 2012 [29]. Negative control (i.e., untreated) cows diagnosed with metritis were not
permitted per the AUP nor by the owners (farmers) of the animals.

Microorganisms 2023, 11, x FOR PEER REVIEW 3 of 18 
 

2. Materials and Methods 

2.1. Ethical Statement 

All  animal  experiments  and  animal  care  conditions were  approved  by  the Texas 

A&M University  Institutional Animal Care  and Use Committee  (Animal Use Protocol 

(AUP) No. 2016-0183). 

2.2. Study Design 

The experimental design has been previously described in detail [22]. Briefly, we con-

ducted a pair-matched longitudinal study of 248 cattle across two seasons (spring/summer 

and autumn/winter) from April 2017 to April 2018 at three large U.S. southwestern dairy 

farms. We sampled two groups of Holstein-Friesian dairy cows on each farm; one group 

was those cows diagnosed with metritis and therefore treated with 2-CCFA. Each treated 

cow was matched by lactation number with a healthy cow (specifically, absent of metritis 

and  untreated)  on  the  same  farm  (Figure  1a)  and  having  calved  at  nearly  the  same 

time/date. Healthy animals were not treated due to the U.S. FDA regulation (21 CFR Part 

530), which has prohibited the off-label usage of ceftiofur in food-producing animals since 

April 2012 [29]. Negative control (i.e., untreated) cows diagnosed with metritis were not 

permitted per the AUP nor by the owners (farmers) of the animals. 

2.3. Animal Sample Collection and Sample Processing 

Fecal samples were collected per rectum with an obstetric sleeve  from each set of 

pair-matched  cows on day 0  to  represent  the pre-treatment baseline. The first dose of 

CCFA was administered, following label instructions, subcutaneously at the base of the 

ear to cows diagnosed with metritis after collecting the first fecal sample, and the second 

dose was  administered  72 h  later. Additional  fecal  samples were  collected  from pair-

matched cows on day 6 (expected peak antibiotic effect) after antibiotic treatment and day 

16 (first-eligible slaughter day following treatment) (Figure 1a). Samples were shipped to 

the laboratory at Texas A&M University, College Station, TX, USA. Fecal samples were 

stored  in  two  tubes  (one mixed with 50% glycerol  in a 1:1 ratio and  the other without 

glycerol) and preserved at −80 °C. 

  

(a)  (b) 

Figure 1. Overview of the experimental design. (a) Schematic description of the matched-pair lon-

gitudinal study design (created with BioRender.com accessed on 1 September 2023) and (b) Overall 

methods workflow. 

  

Figure 1. Overview of the experimental design. (a) Schematic description of the matched-pair
longitudinal study design (created with BioRender.com accessed on 1 September 2023) and (b) Overall
methods workflow.

2.3. Animal Sample Collection and Sample Processing

Fecal samples were collected per rectum with an obstetric sleeve from each set of
pair-matched cows on day 0 to represent the pre-treatment baseline. The first dose of CCFA
was administered, following label instructions, subcutaneously at the base of the ear to
cows diagnosed with metritis after collecting the first fecal sample, and the second dose was
administered 72 h later. Additional fecal samples were collected from pair-matched cows
on day 6 (expected peak antibiotic effect) after antibiotic treatment and day 16 (first-eligible
slaughter day following treatment) (Figure 1a). Samples were shipped to the laboratory at
Texas A&M University, College Station, TX, USA. Fecal samples were stored in two tubes
(one mixed with 50% glycerol in a 1:1 ratio and the other without glycerol) and preserved
at −80 ◦C.
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2.4. Quantitative Real-Time PCR
2.4.1. Total Community DNA Extraction

In total, 192 fecal pools were prepared by mixing one gram of each of 4 non-glycerol
samples matched on treatment group (2-CCFA or no treatment), farm (1, 2 or 3), and day
(0, 6, or 16) (Table S1). According to the manufacturer’s protocol, 250 mg of pooled feces
was used for total community DNA extraction using the DNeasy PowerSoil Kit (Qiagen,
Valencia, CA, USA) in the QIAcube system (Qiagen, Valencia, CA, USA). The quality
(260/280 nm ratio) and quantity (ng/µL) of the community DNA were measured via the
FLUOstar Omega LVis Plate (BMG LabTech Inc., Cary, NC, USA). DNA samples were
stored at −30 ◦C for further molecular analyses (Figure 1b).

2.4.2. AMR Genes and Standard Curve Generation

The blaCMY-2, blaCTX-M, qnrB19 and mphA resistance genes were quantified using
quantitative real-time PCR in each pooled sample.

E. coli isolates previously sequenced (Table S2) that harbored the target genes were
used as positive controls and templates for standard curve generation. The genomic
DNA for the standard curve template was extracted using the DNeasy Blood and Tissue
Kit (Qiagen, Valencia, CA, USA) and the QIAcube system (Qiagen, Valencia, CA, USA)
following the manufacturer’s instructions. DNA quantities were measured using the Qubit
dsDNA High Sensitivity Assay Kit in a Qubit 4 Fluorometer (Life Technologies, Carlsbad,
CA, USA), following manufacturer instructions. Standard curve templates were serially
10-fold diluted, and each standard curve reaction contained 2 µL of diluted template DNA.
The total genome size of the E. coli strain was 4,639,221 bp. Gene copy numbers per each
gene were estimated using the following equation [30]:

Copy number = Amount measured with Qubit(ng/µL)×6.022×1023

4,639,221 bp×1×109×650 × 2 µL per reaction (1)

2.4.3. qPCR Reaction Setup and Gene Copy Number Analysis

DNA from the samples was distributed across the day, dairy farm, and treatment in
5 PCR plates per gene (Table S3). All procedures followed the Minimum Information for
Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines [31].

Primers targeting the blaCMY-2, blaCTX-M, qnrB19, and 16S rRNA genes were previously
published, and the thermal profile conditions are listed in Table 1. The primers and the
probe targeting the mphA gene were designed using the PrimerQuestTM Tool (Integrated
DNA Technologies, Inc., Coralville, IA, USA) using sequences encoding mphA from the
Comprehensive Antibiotic Resistance Database (https://card.mcmaster.ca/ontology/36455
accessed on 1 October 2021).

Reactions for the blaCMY-2, blaCTX-M, qnrB19, and 16S rRNA genes were composed of
10 µL of Brilliant III Ultra-Fast SBYR QPCR Master Mix with Low ROX (Agilent Technolo-
gies, Santa Clara, CA, USA), 3 µL of nuclease-free water (Qiagen, Valencia, CA, USA) and
the corresponding forward and reverse primers with their concentrations for each gene as
shown in Table 1. Reactions for the mphA gene were composed of 5 µL of water (Qiagen,
Valencia, CA, USA), 10 µL of Brilliant III Ultra-Fast QPCR Master Mix with Low ROX
(Agilent Technologies, Santa Clara, CA, USA), 2.5 µM of Forward and Reverse primers,
and probe (FAM dye). The qPCR reactions were performed on the AriaMx Real-Time PCR
system (Agilent Technologies, Santa Clara, CA, USA), and all community DNA was run
and analyzed in duplicate. qPCR data were analyzed using the AriaMX ver 1.0 software
(Agilent, Santa Clara, CA, USA) after each run, and the gene copy numbers per gram of
wet feces were calculated from the gene quantity values derived from the Cq value in each
sample, which were multiplied by 400 to account for the sample dilution and sample lost
during the DNA extraction process (Table S4). Additionally, back-calculated gene copy
numbers were log10 transformed and then standardized with the 16S rRNA gene by taking
the ratio (i.e., log10 blaCMY-2–log10 16S rRNA).

https://card.mcmaster.ca/ontology/36455
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Table 1. Primers and probes to quantify AMR genes used for qPCR.

Target Gene Primers and Probes Sequences Amount
(µM)

Annealing
Tm (◦C)

Product
Size (bp) References

blaCMY-2
F 5′-TTCTCCGGGACAACTTGACG-3′

R 5′-GCATCTCCCAGCCTAATCCC-3′ 1 60 210 [32]

blaCTX-M
F 5′-CTATGGCACCACCAACGATA-3′

R 5′-ACGGCTTTCTGCCTTAGGTT-3′ 5 60 103 [33]

mphA

F-5′GCG AAG GTC GAA CCA GAG-3′

R-5′GAG TCT TCG AGC ATG GGA TAG-3′

P-5′56-FAM/CGA TTC TTG/ZEN/AGCATT
GCC AGC ACC/3IABkFQ/-3′

2.5 60 119 This study

qnrB19 F 5′-CAC ATT ATC GCG TGA CCA ATT-3′

R 5′-GAT GCC TGG TAG CTG TCT AAC-3′ 1 58 91 Modified from [34]

16S rRNA F 5′-CCTACGGGNGGCWGCAG-3′

R 5′-GACTACHVGGGTATCTA ATCC-3′ 3.5 58 464 [35]

2.4.4. Statistical Analysis

Descriptive analyses were performed using Stata version 17.1 (StataCorp LLC, College
Station, TX, USA) for all standardized (and non-standardized) log10 transformed gene
quantities. Linear regression was used for multivariate analysis of standardized (and
non-standardized) log10 transformed gene copy numbers for all genes. Treatment, sample
day, dairy farm, and replicate were considered fixed effects, along with the interaction
term of a three-way full factorial model (no treatment, day 0, and dairy farm 1 was set as
the baseline).

2.5. 16s rRNA Amplicon Gene Sequencing and Bioinformatic Analysis
2.5.1. Total Community DNA Extraction and Library Preparation

The same DNA extracted from the 192 fecal pools used for qPCR were used for 16S
rRNA metagenomic sequencing. The V3-V4 hypervariable region of the 16S rRNA gene
(1550 bp) was amplified using the universal primers listed in Table 1. Sequencing libraries
were prepared according to the Illumina 16S Metagenomic Sequencing Library Preparation
Protocol [36] using the Illumina Nextera XT Library Preparation Kit and Indexes (Illumina,
San Diego, CA, USA). DNA from the samples was distributed across the day, dairy farm,
and treatment on two different sequencing runs (Table S5).

The final pooled library had a concentration of 4 nM, and 96 libraries were included in
each run. Libraries were sequenced with the Illumina MiSeq platform using V3 kits with
300 bp paired end reads.

2.5.2. Bioinformatic Analyses

A total of 16S rRNA raw reads were evaluated for quality using MultiQC [37] wrapper
for FastQC [38]. Raw paired-end reads were analyzed using the QIIME2-2022.2 (Quantita-
tive Insights Into Microbial Ecology 2022.2) pipeline by the Anaconda v3-5.0.0.1 module
following the tutorial for QIIME 2 [39] on the High-Performance Research Computing
System (HPRC) at Texas A&M University. FASTQ files were transformed into artifacts, and
paired-end reads were quality-trimmed at a score of 16 (at 240 bp for forward and 248 bp
reverse reads) to generate high-quality sequence variants. Moreover, samples with a depth
of less than 10× were removed from the study for normalization purposes. Reads were
classified using QIIME2 naïve Bayes classifier trained on the Silva database (v12_3) [40]
to allocate the ASVs. To include only the domain bacteria in downstream analyses, we
filtered out the Archaea, Eukaryota, Mitochondria, and Chloroplast taxa. Additionally,
to evaluate the differences in bacterial taxonomic composition, we calculated the Shan-
non index to estimate the alpha diversity between treatment groups, farms, and days,
using a linear regression model to account for treatment, sample day, farm, and plate
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as fixed factors, along with the three-way full factorial model (no treatment, day 0, and
dairy farm 1 set as baseline). Principal component analysis (PCoA) using weighted and
unweighted UniFrac indices was computed for beta diversity. The permutational analysis
of variance (PERMANOVA) test was used to determine statistical differences between
treatment groups using the Vegan package in R (version 2.6-4). A rarefaction depth of
11783 sequences per sample was used for alpha- and beta-diversity analyses. Finally, to
identify significant differences in the relative abundance of taxa between treatment groups,
the Linear Discriminant Analysis Effect Size (LEfSe) analysis with the Kruskal–Wallis test
was used (https://huttenhower.sph.harvard.edu/galaxy/ accessed on 20 July 2023) using
a of p-value of 0.05 and LDA (Linear Discriminatory Analysis) of 3.0 [41].

3. Results
3.1. Quantification of blaCMY-2, blaCTX-M, mphA and qnrB19
3.1.1. Descriptive Statistics

In total, there were 728 fecal samples from 124 matched pairs of cows over 16 days,
and the samples were pooled (n = 192) in groups of 4 by day and treatment (Table S1).
To determine the effects of 2-CCFA on the resistance genes blaCMY-2, blaCTX-M, mphA, and
qnrB19, we quantified and standardized the gene copies per gram feces from community
DNA extracted from the 192 fecal pools. Day 6 represented the maximum expected effect
of 2-CCFA treatment, and day 16 represented the first eligible day of slaughter following
treatment compared to the baseline levels on day 0 before treatment.

Among the 192 fecal pools tested by qPCR in duplicate (i.e., 384 reactions), mphA
represented the highest mean standardized (to 16S rRNA copies) log10 gene copies/gram
feces (−5.04) with 346 detections, followed by blaCMY-2 (−5.73) with 348 detections, qnrB19
(−5.91) with 383 detections, and, finally, blaCTX-M (−6.29) with 352 detections (Table 2). The
16S rRNA was quantifiable for all samples and was the basis for standardization.

Table 2. Descriptive statistics on the distribution of overall run summary gene detections within
treatment, sampling day, and dairy farm.

Standardized
Gene Target (Log10)

Descriptive
Statistics

Overall
Detections *

(N)

Treatment Sample day Dairy Farm

Treated Untreated 0 6 16 1 2 3

blaCMY−2

Observations 348 170 178 103 118 127 102 126 120

Mean −5.73 −5.40 −6.08 −6.19 −5.56 −5.52 −6.21 −5.95 −5.10

Median −5.65 −5.36 −6.13 −6.30 −5.61 −5.49 −6.29 −6.04 −5.13

95% CI −5.84/−5.62 −5.56/−5.25 −6.22/−5.93 −6.41/−5.97 −5.72/−5.41 −5.7/−5.34 −6.45/−5.98 −6.08/−5.81 −5.24/−4.95

Standard
error 0.06 0.08 0.07 0.11 0.08 0.09 0.12 0.07 0.07

blaCTX−M

Observations 352 179 173 113 116 123 117 124 111

Mean −6.29 −6.26 −6.33 −6.36 −6.08 −6.43 −6.16 −6.29 −6.44

Median −6.38 −6.37 −6.42 −6.45 −6.14 −6.57 −6.19 −6.47 −6.48

95% CI −6.38/−6.2 −6.39/−6.12 −6.45/−6.21 −6.51/−6.2 −6.25/−5.92 −6.57/−6.28 −6.33/−5.98 −6.42/−6.16 −6.6/−6.28

Standard
error 0.05 0.07 0.06 0.08 0.08 0.07 0.09 0.07 0.08

mphA

Observations 346 172 174 114 116 116 124 123 99

Mean −5.04 −5.00 −5.07 −5.11 −4.93 −5.08 −5.01 −4.85 −5.30

Median −5.15 −5.09 −5.18 −5.16 −5.03 −5.26 −5.11 −4.91 −5.48

95% CI −6.01/−5.82 −5.12/−4.88 −5.2/−4.95 −5.24/−4.98 −5.07/−4.8 −5.26/−4.89 −5.17/−4.85 −4.99/−4.71 −5.44/−5.17

Standard
error 0.05 0.06 0.06 0.07 0.07 0.09 0.08 0.07 0.07

qnrB19

Observations 383 191 192 127 128 128 132 132 119

Mean −5.91 −5.86 −5.97 −5.90 −5.92 −5.92 −5.61 −5.69 −6.50

Median −5.96 −5.98 −5.95 −5.95 −5.92 −6.14 −5.79 −5.76 −6.59

95% CI −6.01/−5.82 −5.99/−5.73 −6.1/−5.84 −6.05/−5.75 −6.07/−5.77 −6.1/−5.74 −5.78/−5.45 −5.82/−5.56 −6.64/−6.35

Standard
error 0.05 0.07 0.07 0.08 0.08 0.09 0.08 0.07 0.07

* N total = 192 pools in replicate = 384 runs per gene target.

https://huttenhower.sph.harvard.edu/galaxy/
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There was a trend of mean increase over time for the blaCMY-2 gene from day 0 to
day 16. Furthermore, samples from dairy farm 3 exhibited a higher mean and median
of blaCMY-2 log10 gene copies/gram feces; however, the mean values for the other genes
were lower on this farm. Descriptive statistics on the distribution of non-standardized gene
detections across treatment and sampling days are presented in Table S6.

3.1.2. Detection of blaCMY-2, blaCTX-M, mphA and qnrB19 Genes

A linear regression was used to evaluate non-standardized (Figure S1) and standard-
ized gene copy numbers on a log10 scale across sampling days. There was a significant
increase (p ≤ 0.05) in blaCMY-2 gene copies for treated animals on days 6 and 16 compared
with day 0 (Figure 2a). The blaCMY-2 levels significantly differed between treated and un-
treated animals on day 6 on all dairy farms. Also, blaCMY-2 log10 gene copies significantly
differed between treated and untreated on day 16 on dairy farm 1 (Figure 2b). In contrast,
log10 blaCTX-M gene copies only significantly differed between treated and untreated ani-
mals on dairy farm 1 on day 16 (Figure 2d), and log10 mphA and qnrB19 gene copies were
not significantly different between treatments, farms, or days (Figure S2).
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by farm, (c) blaCTX-M, and (d) blaCTX-M by farm. Data were analyzed using Stata/BE version 17.0 and
graphed using GraphPad Prism version 10.0.2.

3.2. Bacterial 16S Metagenomics
3.2.1. Descriptive Statistics

A pipeline for metagenomics analyses was used to understand the day-by-day differ-
ences in the fecal microbiota between dairy cattle with metritis treated with 2-CCFA and an
untreated group without metritis on three farms, using the V3-V4 hyper-variable region of
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the 16S rRNA gene. The observed quality distribution from MultiQC showed that most
reads had a Q-score of 25 or higher, indicating no quality problems (Figure S3). A total of
27,473,717 reads (an average of 143,092 ranging from 9345 to 381,656 reads per sample) were
obtained. After quality control (trimming and filtering) of reads, 188 out of 192 samples
were retained, with approximately 9,927,829 raw reads remaining for subsequent analysis.
Within the 4 samples lost due to sampling depth, 1 belonged to dairy farm 1 (treated cow
fecal pool on day 16), and 3 belonged to dairy farm 2 (2 treated cow pools on day 0 and
1 untreated cow pool on day 16).

Rarefaction curves reached a plateau at 250 observed features, indicating that the
sequencing effort was suitable to describe most of the taxa present (Figure S4).

3.2.2. Microbial Compositional Analyses

After quality trimming, 9,927,829 bacterial ASVs were found in the 188 fecal pools.
There were 57 different bacterial classes in total identified in both treated and untreated
animals, with Clostridia (61.90%) being the most abundant, followed by Bacilli (16.66%),
Bacteroidia (7.90%), Actinobacteria (7.18%), and Gammaproteobacteria (3.27%). The re-
maining bacterial classes showed a relative abundance of ≤1% each (Figure 3a). There
were 120 different bacterial orders in total identified in both treated and untreated ani-
mals. Peptostreptococcales-Tissierellales (29.11%) was the most abundant, followed by
Lachnospirales (10.88%), Clostridiales (8.95%), Oscillospirales (8.65%), and Lactobacillales
(8.12%), Bacteroidales (7.83%), Erysipelotrichales (5.86%), Bifidobacteriales (5.44%), Pseu-
domonadales (2.92%), Bacillales (2.24%), Christensenellales (2.16%), Micrococcales (1.61%),
Clostridia_UCG-014 (1.18%). The remaining bacterial orders had a relative abundance
of <1% (Figure 3b). Additionally, the comparisons of fecal microbiome relative abun-
dance by day and treatment at the bacterial phylum and family levels are presented in
Figures S5 and S6, which display the taxonomic levels by dairy farm.
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Figure 3. Fecal microbiome relative abundance by day and treatment (2-CCFA). Comparisons of
relative abundance at the level of (a) class and (b) order. * On day 0, the only difference between the
treatment groups was the presence of metritis in the treated group. The graph was generated using
GraphPad Prism version 10.0.2.

The treated animals showed higher relative abundance for the most abundant taxa at
the levels of class, order, and family on days 6 and 16 compared with the untreated group.
The most dramatic change was observed where the Clostridia class decreased in relative
abundance while Bacilli and Actinobacteria classes increased, specifically in the 2-CCFA
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treated group on day 6 (Figure 3a). The relative abundance of the taxa in the untreated
group remained similar on days 0, 6, and 16.

LEfSe identified the taxa that were significantly enriched by comparing treated and
untreated animals at the order level across all farms (Figure 4). On day 0, the relative abun-
dances of Actinobacteriota were significantly enriched in the untreated group, compared
to the relative abundances of Verrucomicrobiota, which were significantly enriched in the
treated group. On day 6, the relative abundances of Peptostreptococcales-Tissierellales
were significantly enriched in the untreated group, compared to the relative abundances
of Lachnospirales and Oscillospirales, which were significantly enriched in the treated
group. Lastly, on day 16, the relative abundances of Peptostreptococcales-Tissierellales and
Erysipelotrichales were significantly enriched in the untreated group, compared to the rela-
tive abundances of Lachnospirales, which were significantly enriched in the treated group.
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Figure 4. Linear Discriminant Analysis Effect Size (LEfSe) and taxonomic cladogram results of the
significantly differentially abundant taxa in treated and untreated groups on day 0 (a,b), day 6 (c,d),
and day 16 (e,f). Orders more abundant in the treated group are presented in red (indicated with a
negative Linear Discriminant Analysis (LDA) score, whereas orders more abundant in the untreated
group are presented in green (indicated with a positive LDA score). In the cladogram, the size of
each dot is proportional to the effect size. * On day 0, the only difference between the treated groups
is the presence of the animal disease metritis.

3.2.3. Alpha Diversity

Fecal samples from treated animals had significantly greater (p ≤ 0.05) richness and
evenness than the untreated group on day 6 as measured through the Shannon Index
(Figure 5a). Additionally, the Shannon Index only significantly differed (p ≤ 0.05) between
treated and untreated animals on dairy farm 1 on day 6. In contrast, there were no signifi-
cant differences (p > 0.05) between treatments and days on dairy farms 2 and 3 (Figure 5b).
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Figure 5. Marginal means graphs from a linear regression model of the Shannon alpha diversity
index in treated and untreated groups on (a) days 0, 6, and 16 and (b) by farm. Data were analyzed
using Stata/BE version 17.0 and graphed using GraphPad Prism version 10.0.2.

3.2.4. Beta Diversity (Community Comparison)

According to the principal coordinate analysis (PCoA) plots of weighted and un-
weighted UniFrac performed using the Bray-Curtis dissimilarity index (Figure 6), the
treated and untreated groups presented similar bacteria communities on day 0 (p = 0.219 on
Figure 6a; p = 0.064 on Figure 6d); however, on day 6, the bacterial communities were signif-
icantly different between treatment groups (p = 0.001 on Figure 6b; p = 0.044 on Figure 6e).
On day 16, there were significant differences between treatments in the weighted UniFrac
(p = 0.035 in Figure 6c), but no significant differences were found on day 16 on unweighted
UniFrac (p = 0.808 in Figure 6f). Interestingly, PCoA results by dairy farm (Figure S7)
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suggested that only dairy farm 3 did not present significant differences between days
(weighted, PERMANOVA p = 0.145) and treatments (weighted PERMANOVA p = 0.217).
Additionally, fecal microbial beta-diversity represented in PCoA by treatment, day, and
dairy are presented in Figure S8.
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Figure 6. Fecal microbial beta-diversity represented in Principal Component Ordinal Analyses
(PCoA) clustered by day and treatment. UniFrac distances between bacterial community composition
based on (a–c) weighted (quantitative) and (d–f) unweighted (qualitative) on days 0, 6, and 16,
respectively. Figures were generated using the Vegan package in R Studio. ** On day 0, the only
difference between the treatment groups is the presence of the disease metritis in the (not-yet) treated
group. *** Significant at p < 0.001, * Significant at p < 0.01.

4. Discussion

This study was designed to assess the impact of a two-dose administration of ceftiofur
crystalline-free acid (2-CCFA) on the fecal microbiota and the standardized quantities
of third-generation cephalosporin, fluoroquinolone, and macrolide resistance genes in
Holstein-Friesian dairy cows across three large dairy farms in the southwestern United
States. To achieve this, our culture-independent methodology involved 16S metagenomics
to analyze the microbial communities and qPCR to quantify the levels of the blaCMY-2,
blaCTX-M, qnrB19, and mphA genes within the feces, standardized to 16S rRNA gene copies
representing the bacterial populations. Overall, there was a significant increase in microbial
diversity by day 6 in the 2-CCFA-treated group based on alpha and beta diversity. Addi-
tionally, the blaCMY-2 gene copies/gram feces increased significantly in the treated group
compared to the untreated group on day 6 and remained significantly elevated on the first
day of slaughter eligibility on day 16.
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4.1. Two-Dose CCFA Favors the Selection of the blaCMY-2 Gene

One of the major findings in this study was the significant impact of 2-CCFA on
the quantity of the log10 blaCMY-2 gene in the treated animals on day 6 and day 16 in the
linear regression model collapsed across the farms (Figure 2a). In contrast, no significant
differences were observed for treatment, day, or farm for the blaCTX-M, mphA, or qnrB19
genes. Similar to our findings, Kanwar et al., (2014) found a significant increase in blaCMY-2
and blaCTX-M gene copies per gram of feces in beef cattle treated with a single-dose of
CCFA. However, in contrast to the current study, Kanwar et al. (2014) observed a one-fold
reduction in starting levels of blaCMY-2 gene copy numbers, suggesting that the resistance
levels may have increased over time (from 2009 through 2018). Another result similar to
the current study, Alali et al. (2009) observed that using CCFA in feedlot cattle significantly
increased the blaCMY-2 gene numbers. It is important to note that these studies vary between
production types (beef versus dairy) and antibiotic treatment regimen. Kanwar et al. (2014)
used a single dose of 6.6 mg/kg, while Alali et al. (2009) used the same dosage but with
a three-dose administration on days 0, 6, and 13 [42,43]. The latter protocol would be in
violation of federal statutes passed in 2012, when such extra-label uses were banned in the
United States.

In the current study, the notable increase in the blaCMY-2 gene in the treated group on
the first eligible slaughter day (day 16; 13 days following the second dose of CCFA) relative
to baseline levels on day 0 indicates the potential risk for this gene to transfer from livestock
to humans through the food chain, potentially leading to wider dissemination [44]. This is
important because CCFA is a third-generation cephalosporin, and this class of antibiotics is
considered to be a highest priority/critically important antimicrobial in human medicine by
the WHO [27]. Notably, a similar molecule, ceftriaxone, is a third-generation cephalosporin
used in human medicine to treat severe cases of salmonellosis, and Salmonella is a significant
foodborne pathogen commonly found in cattle feces [45,46].

Although there was no observed significant effect of 2-CCFA treatment on the quanti-
ties of the blaCTX-M, mphA, and qnrB19 genes (Figure S2), and these genes did not present
any differences by day, treatment, or farm, the co-selection of qnrB19 and mphA through
3GC genes would likely be influenced mainly through their association with blaCTX-M rather
than blaCMY-2 [26]. Further exploration of the plasmids may prove how 2-CCFA selection
pressures affect the different genes. Previous studies have identified IncN plasmids carry-
ing blaCTX-M and qnrB19 genes [47,48]. Additionally, in a study of fecal samples from dairy
calves, associations were found between blaCTX-M-1, mphA, and qnrB [34], and, interest-
ingly, it was found that mphA and qnrB were associated with different variants of blaCTX-M.
Therefore, studying the association between the gene and the mobile genetic elements may
provide better insight into this question. Moreover, while blaCTX-M was first described in
1989 in humans [49] and first reported in livestock animals in 2010 by Wittum et al. from
the feces of sick and healthy cattle in Ohio [50], blaCMY-2 was first described in 1990 [51]
and first reported in livestock animals in 2000 by Fey et al., from cattle in Nebraska [52].
Therefore, the blaCMY-2 gene has been present longer in USA agricultural animals than
blaCTX-M, likely leading to a greater potential for selection of the cephamycinase gene.

4.2. The Feces from Treated Animals Presented a Significantly Higher Microbial Diversity

Although this study is the first pair-matched and controlled field trial to describe the
impact of 2-CCFA on the fecal microbiome of dairy cattle diagnosed with metritis, the 16S
rRNA sequencing data revealed that Firmicutes and Bacteroidetes phyla constitute around
90% of the cattle fecal microbiome (Figure S5); furthermore, this finding is consistent with
previous studies on the microbiome of dairy cattle feces [53]. The overall differences in the
bacterial composition between the cattle treated with 2-CCFA and the untreated cattle on
day 6 are likely due to the reduction in the predominant Clostridia class and the increase in
the Bacilli and Actinobacteria classes (Figure 3b), which resulted in a measure of overall
greater alpha diversity (Figure 5a), which should not necessarily be interpreted as being
beneficial to the host [54]. These perhaps unexpected results may indicate that 2-CCFA,
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due to its bactericidal properties, led to a reduction in certain dominant classes of bacteria,
including those that may be beneficial to the microbiome, and led to an increase in other
bacterial taxa, thus creating a potential dysbiosis. Previous research [55] has shown that
most species of the Bacillus genera degrade ceftiofur, which could contribute to the observed
increase in these genera.

We did not study the impact of 2-CCFA on the bacterial populations present in the
microbiome after day 16, and we were only able to observe the effect of 2-CCFA on the
abundance of the fecal bacterial communities on day 16 compared with days 0 and 6. As
presented in the figures of weighted UniFrac (which account for bacterial presence/absence
and their abundance) (Figure 6a–c), the bacterial communities remained significantly
different on days 6 and 16 compared with day 0. However, when comparing the unweighted
UniFrac (which accounts only for bacterial presence), the bacterial communities did not
remain significantly different on day 16 (Figure 6d–f), suggesting the bacteria present in
the microbiome recovered somewhat to untreated community profile levels. However, the
abundance of the taxa differed between the treated group and the untreated group.

4.3. Limitations

The limitations of this study include potential confounders that may have influenced
our results, such as age, season, and even the fecal pools. Another limitation would be
the generalizability of the results due to the small number of dairy farms enrolled in our
study and differences in farm-level practices. Figure 2 shows that there are variations
in blaCMY-2 and blaCTX-M log10 gene copies among different dairy farms, which suggests
that farm-level practices, such as the frequency of CCFA historical usage, may have an
impact on the study; however, it is challenging to determine the pre-existing differences
on day 0. Furthermore, the presence of metritis in the treatment group could impact
the observed differences in bacterial taxa because the treated group was diagnosed with
metritis before receiving 2-CCFA, and the untreated group was selected for their lack of
metritis diagnosis. It is important to acknowledge that the absence of a group without
metritis administered 2-CCFA may introduce bias into our results. Nevertheless, ceftiofur
in healthy food-producing animals is strictly prohibited by U.S. FDA regulation (21 CFR
Part 530). Leaving untreated cows diagnosed with metritis was not deemed ethical or in the
interests of animal welfare; furthermore, the farm owners would not permit it. Therefore,
the treatment of animals was limited to those diagnosed with metritis, and no negative
control group was included.

Additionally, the information obtained from 16S rRNA amplicon sequencing offers
a limited view of bacterial composition because of the restricted taxonomic resolution,
limited functional analysis, and lower sensitivity compared to 16S shotgun metagenomic
data, which would also capture the relative quantities of target resistance genes [56]. These
limitations underline the importance of further exploring the genes present in the samples
and how they are associated. Incorporating 16S shotgun metagenomics could enrich this
study by allowing for a more in-depth analysis of the functional metagenomic compo-
sition and antimicrobial resistance between treatment groups, as presented in previous
studies [57,58] that evaluated the prevalence of antimicrobial resistance in the fecal micro-
biome of dairy cattle.

5. Conclusions

Our study provides insight into the complex relationships between antibiotic use, gene
propagation and decline, and microbial diversity. We found that administering 2-CCFA
creates a selection pressure that expands the cephamycinase gene blaCMY-2 through the first
eligible day of slaughter. Though not observed here, there may be potential for co-selection
between blaCTX-M, qnrB, and mphA when blaCTX-M is present. Furthermore, 2-CCFA in
dairy cattle diagnosed with metritis likely resulted in a dysbiosis of the fecal microbiome
caused by a significant increase in diversity after treatment. This was due to the decrease
in the dominant healthy gut taxa, Clostridia, and the concomitant increase in Bacilli and



Microorganisms 2023, 11, 2728 14 of 17

Actinobacteria. In conclusion, administering 2-CCFA to dairy cows with metritis elevates
cephamycinase gene quantities among all fecal bacteria while paradoxically increasing
microbial diversity. In the absence of the curing effect for metritis, the latter effect should
not necessarily be interpreted as being in the best interests of the host.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/microorganisms11112728/s1, Table S1. 744 fecal samples across days 0, 6,
and 16, pooled in four groups by dairy farm, day, and treatment; Table S2. E. coli isolates previously
sequenced that harbored the target genes used as positive controls and templates for qPCR standard
curve generation; Table S3. DNA extracted from the fecal samples distributed across the day, dairy,
and treatment in 5 PCR plates per gene; Table S4. Fecal sample dilution and sample loss during the
DNA extraction process; Table S5. DNA distribution from the fecal samples across the day, dairy, and
treatment on two different sequencing runs; Table S6. Descriptive statistics on the distribution of non-
standardized gene detections across treatment and sampling days; Figure S1. Marginal means graphs
showing the linear regression model of non-standardized log10 genes copies per gram of feces based
on (a) blaCMY-2, (b) blaCTX-M, (c) mphA, and (d) qnrB19; Figure S2. Marginal means graphs showing the
linear effect model of 16S rRNA-standardized log10 genes copies per gram of feces based on (a) mphA
and (b) mphA by the farm. (a) qnrB19, and (b) qnrB19 by farm; Figure S3. Per sequences quality
scores; Figure S4. Rarefaction curves displayed by treatment; Figure S5. Fecal microbiome relative
abundance phylogenetic profile by day and treatment. Comparisons of relative abundance within
the bacteria domain at the level of bacterial (A) phylum and (B) family; Figure S6. Fecal microbiome
relative abundance phylogenetic profile by dairy farm, day, and treatment. Comparisons of relative
abundance at the level of bacterial (A) phylum, (B) class, and (C) order; Figure S7. Fecal microbial
beta-diversity represented in Principal Component Ordinal Analyses (PCoA) by dairy farm and
clustered by day and treatment. UniFrac distances between bacterial community composition based
on (top three) weighted (quantitative) and (bottom three) unweighted (qualitative); Figure S8. Fecal
microbial beta-diversity represented in Principal Component Ordinal Analyses (PCoA) by dairy, day,
and treatment. UniFrac distances between bacterial community composition based on (top three)
weighted (quantitative) and (bottom three) unweighted (qualitative).
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